Supplementary cementitious materials (SCMs), such as fly ash, pozzolan or blastfurnace slag, are 15 widely used to produce blended portland cements, since they lead to a significant reduction in CO2 16 emission in the production phase compared to portland cement. A practical and generally accepted 17 approach to evaluate the contribution of SCMs to the strength of the hardened concrete is through 18 the concept of the SCMs efficiency factor (i.e. k-value concept), which expresses the fraction of 19 portland cement that can be replaced by a SCM at unchanged strength. In the literature some studies 20 have also been focused on the use of the k-value approach also for the resistance against 21 carbonation and chloride penetration of blended portland systems. However, limitations of 22 applicability of SCMs efficiency factor to durability properties are not clear. In this paper the k-23 value of different SCMs, such as ground limestone, fly ash, natural pozzolan and ground granulated 24 blastfurnace slag, was investigated to detect firstly if it can be applied to carbonation-and chloride-25 related properties and, secondly, if strength can be considered as a proxy-criterion for durability properties. Results showed k-values lower than 1 for all the SCMs with respect to compressive 1 strength and that these values were valid also for resistance to penetration of carbonation. As far as 2 the resistance to chloride penetration is concerned, k-values derived from strength tests were not 3 applicable and specific k-values should be evaluated; values higher than 1 were calculated for fly 4 ash and ground granulated blastfurnace slag, whilst values lower than 1 were obtained for ground 5 limestone and natural pozzolan. 6 7 Highlight 8 Efficiency factor k is often used as a practical approach for determination of the role of SCMs on 9 concrete strength. 10
Introduction 22
A remarkable contribution towards a sustainable development of the cement and concrete industries 23 can be achieved by the utilization of cementitious and pozzolanic by-products, such as fly ash (FA) 24 and ground granulated blastfurnace slag (GGBS), produced by thermal power plants and 25 metallurgical industries, or natural pozzolanic additions (PZ) as well as limestone [1] [2] . The use of 26 such supplementary cementitious materials (SCMs) leads to a significant reduction in CO2 rate and chloride diffusion coefficient with the aim of investigating whether strength can be 1 considered as a proxy-criterion for durability properties. Furthermore some considerations on the 2 clinker saving in order to achieve the same strength as well as to guarantee the same initiation time 3 with a SCMs concrete compared to a OPC concrete will be addressed. 4
Materials and methods 5
A portland cement CEM I 52.5R (OPC), according to EN 197-1 standard, was used to produce 6 blended portland cements. The cement clinker was partially replaced, in a cement factory, with 30% 7 of ground limestone (LI), 30% of fly ash of class F (FA) (according to ASTM C618-15), 30% of 8 natural pozzolan (PZ) and 70% of ground granulated blastfurnace slag (GGBS). The strength class 9 of the portland cement was chosen to achieve for all the blended portland cements, at least, a class 10 42.5. The particle size analysis of OPC cement and SCMs are given in Figure 1 , whilst chemical 11 compositions are reported in Table 2 . 12
These binders were used to make concrete mixes with three different water/binder ratios, equal to 13 0.42, 0.46 and 0.61, and two different binder dosages, equal to 300 and 350 kg/m 3 . Crushed 14 limestone aggregate with maximum size of 16 mm was used, and an acrylic superplasticizer was 15 added to the mixtures in order to achieve a class of consistence S4 according to EN 206 standard. 16 Table 3 summarizes the concrete mixes. 17
After mixing, concretes were cast into moulds of various geometries (see later), covered with a 18 plastic sheet and stored in laboratory at 20°C. After 24 hours the specimens were demoulded and 19 curing continued at 20°C and 95% relative humidity. 20
Different tests were carried out after several curing times (part of the results has been published 21 elsewhere [18, 19] ). Compressive tests were carried out, according to EN 12390-3 standard (Testing 22 hardened concrete -Part 3: Compressive strength of test specimens -2009), on two replicate 100 23 mm cubes after 1, 7 and 28 days of curing. In order to evaluate the resistance to the penetration of 24 carbonation, 100 mm cube specimens, cured 1, 7 and 28 days, were masked with epoxy, so that 25 carbonation was allowed to penetrate only from two opposite faces, and exposed, after 28 days (for 6 specimens cured 1 and 7 days) and 30 days (for 28-day cured specimens) from casting, to an 1 environment with 20°C, 65% R.H. and a constant flux of 2% CO2 (accelerated carbonation). After 2 different times of exposure, the minimum and the maximum carbonation depths were measured on 3 20 mm diameter cores taken perpendicularly to a mould surface, with the phenolphthalein test, and 4 the average value between the two was determined. The accelerated carbonation coefficient KACC 5 was evaluated interpolating, with the least squares methods, the average carbonation depths, d, 6 measured at the different times, t, through the relationship: 7
Resistance to penetration of chloride ions was tested, after 28 days of curing at T = 20°C and 95% 9 R.H., on cylindrical specimens by means of the so-called Rapid Chloride Migration (RCM) test, 10 according to NT-BUILT 492 standard (Concrete, mortar and cement-based repair materials: 11 chloride migration coefficient from non-steady-state migration experiments -1999). At the end of 12 the test, the specimen was split axially, and on its fracture surface a colorimetric indicator (0.1 M 13 AgNO3) solution was sprayed. The average chloride penetration depth xm (m) was measured and the 14 chloride diffusion coefficient DRCM was calculated as: 15
where R is the gas constant (J/K mol), T the average temperature in the anodic solution (K), z the 17 absolute value of charge number, F Faraday's constant (96500 C/mol), t time (s); E =(U-2)/L (U is 18 the applied voltage in V, L the thickness of the specimen in m) and α is defined as: 19
where cd is the chloride concentration at which the colour change is observed (assumed equal to 21 0.07 N) and c0 the chloride concentration of the test solution (2 N). 22 At all curing times, a significant influence of the water/binder ratio, whose decrease led to a 21 reduction in the accelerated carbonation coefficient, can be observed. For instance KACC of natural 22 pozzolan concrete, cured 7 days and with a binder dosage of 300 kg/m 3 , decreased from about 33 to 23 18 MPa when water/binder ratio decreased from 0.61 to 0.46. Comparing concretes with the same 24 composition, a decrease in the carbonation coefficient can be observed when curing increased from 25 ratio of 0.46, values of accelerated carbonation coefficient of 23, 18 and 11 mm/year 0.5 were 1 evaluated respectively on specimens cured 1, 7 and 28 days. No systematic effect of the binder 2 dosage on carbonation coefficient was observed. 3
For each curing time, OPC concretes performed better than SCMs concretes. For instance, for 1-day 4 cured concretes with w/b = 0.46 and b = 300 kg/m 3 , the accelerated carbonation coefficient was 5 about 16, 30, 27, 23 and 32 mm/year 0.5 respectively for OPC, LI, FA, PZ and GGBS concretes. 6
Resistance to chloride penetration 7
The resistance to chloride penetration was investigated by means of the Rapid Chloride Migration 8 test on specimens cured 28 days. Figure 4 shows the diffusion coefficient DRCM as a function of 9 concrete composition. The significant role of w/b ratio appears: for instance for PZ concrete the 10 diffusion coefficient decreased from about 2310 -12 to 1310 -12 m 2 /s, when the water/binder ratio 11 decreased from 0.61 to 0.42. Occasionally DRCM slightly increased after decreasing w/b ratio (for 12 instance for concrete with 30%FA, w/b of 0.42 and 0.46 and binder dosage of 350 kg/m 3 ). No effect 13 of the binder content was detected. 14 A remarkable influence of the type of binder was observed; with respect to OPC, the diffusion 15 coefficient was roughly halved with FA (e.g. with w/b of 0.46 it decreased from about 810 -12 m 2 /s 16 to about 410 -12 m 2 /s). With GGBS, DRCM were significantly lower than with OPC (e.g. the DRCM 17 was lower than 210 -12 m 2 /s for w/b = 0.46). Conversely for concrete mixes with natural pozzolan 18 the diffusion coefficient was more than doubled compared to OPC. For instance DRCM increased 19 from 1210 -12 to 2210 -12 m 2 /s for concrete with w/b = 0.61. DRCM further increased for concrete 20 mixes with limestone: for instance in concrete with w/b ratio of 0.61 values of DRCM about 3810 -12 21 m 2 /s were obtained. 22
Discussion 23
Results presented in the previous section reflect the well-known effects of the water/binder ratio and 24 the curing time on the properties of hardened OPC and SCM concretes. Both the decrease of w/b 25 ratio and the increase of curing time led to a refinement of the pore structure with beneficial effects 1 on compressive strength and resistance to aggressive agents, i.e. carbon dioxide and chloride ions. 2
On compressive strength, also a slight and positive effect of the binder content was observed when 3 decreasing the binder dosage, in agreement with the decrease of the total concrete porosity, due to a 4 lower amount of cement paste. Conversely on carbonation resistance this effect was not observed. 5
As a matter of fact, the decrease in the amount of cement paste due to a decrease of the binder 6 dosage leads to two opposing effects: on one hand the total porosity of concrete is lower; on the 7 other hand the amount of portlandite is also lower, due to the lower amount of hydrated cement. 8
The former hinders carbonation, the latter promotes it. Hence, these two effects could be 9 compensated and none of them could be prevalent. 10
An effect of the type of SCM on the properties of hardened concretes was also assessed. A decrease 11 of compressive strength was observed when the portland cement was partially replaced with 30% of 12 ground limestone, fly ash and natural pozzolan, and with 70% of ground granulated blastfurnace 13 slag. As far as the carbonation resistance is concerned, the OPC concretes showed a higher 14 resistance than the SCM concrete; as a matter of fact, the hydration of pozzolanic materials or 15 GGBS consumes lime and thus reduces its amount with respect to a cement paste obtained with 16 portland cement and, hence, the Ca(OH)2 available for the carbonation reaction is lower and it 17 proceeds faster. 18
Both fly ash and ground granulated blastfurnace slag concretes showed an higher resistance to 19 chloride penetration compared to portland concretes due to the well-known refinement of pores due 20 to the formation of very fine products of hydration [20, 21] and to the high fineness, and hence to the 21 high reactivity, of these two SCMs which was comparable to that of OPC cement. Limestone 22 concrete showed a poor resistance to chloride penetration: such a result is in agreement with the 23 explanation that the reaction compounds of C3A in portland limestone concrete have a lower 24 binding capacity for chloride in comparison to the hydration products of aluminates in OPC 25 concrete [22] . Also natural pozzolan concretes showed a lower resistance to chloride penetration than OPC and FA concretes. The different behaviour between the artificial (FA) and natural (PZ) 1 pozzolan observed in this work can be ascribed to the different Al2O3 content and fineness of the 2 two SCMs; as it can be observed in Table 2 PZ had a lower alumina content and fineness in 3 comparison to FA. It is reasonable to assume that the lower amount of alumina in PZ cement led to 4 a lower C3A content in the PZ concretes and, hence, to a lower binding capacity for chloride in 5 comparison to the FA concrete. Furthermore the higher fineness of the FA cement led to a higher 6 reactivity in comparison to the PZ cement. 7
These results show that there is the need to evaluate the role of the type of SCM on each specific 8 property. 9
Evaluation of the k-value 10
For the percentages of replacement and for the range of water/binder ratios and binder dosages 11 considered in this work, k-values were evaluated for compressive strength and for the durability 12 related properties. where k is the k-value and A is the SCMs content in the binder. 1 Figure 5 shows the obtained k-values, whilst Figure 6 presents a comparison between the measured 2 and the calculated compressive strength, using equation (4) and the k-values presented in Figure 5 After 28 days of curing, comparable k-values were obtained for the 30% fly ash and the 70% 20 ground granulated blastfurnace slag; conversely 30% natural pozzolan showed a k-value roughly 21 halved in comparison with the previous SCMs, whilst the limestone's k-value was essentially nil. It 22 should be reminded that, according the literature, probably higher k-values could have been 23 obtained if the comparison between the SCMs and OPC concretes had been made with a cement 24 with a lower strength class. 25
In order to apply the concept of k-value of the SCMs also in relation to the resistance to 1 carbonation, a relationship between the carbonation coefficient and the water/cement ratio is 2 required. Since in the literature there is not a general agreement on this relationship, an inverse 3 approach was followed in this work and the k-values estimated for compressive strength were firstly 4 applied to carbonation resistance. Figure 7 shows the relationship between the carbonation 5 coefficient and the equivalent water/cement ratio at the different curing times and a good linear 6 correlation can be observed between the carbonation coefficient and the equivalent water/cement 7 ratio, regardless the type of binder (GGBS at 1 day of curing constitutes an exception) Hence, it 8 may be assumed that, at least in the conditions tested in this work, strength was appropriate as a 9 proxy-criterion for carbonation resistance and that k-values estimated for compressive strength 10 could be considered valid also for the resistance to carbonation penetration. This confirms, as 11 indicated also by other Authors [23,24], that these two properties are mainly depending on the same 12 factors. 13
Resistance to chloride penetration 14
As far as the resistance to chloride penetration is concerned, first an inverse approach was followed, 15 applying the k-values estimated for compressive strength to chloride resistance, which revealed to 16 be inappropriate. Hence, following the approach used to determine the k-value for strength, a 17 correlation between DRCM and w/c ratio was assumed and used to interpolate data of the OPC 18 concrete (with the least squares method). In particular the following linear relationship: 19 The k-values for the SCM concretes of the present work were evaluated by interpolating (with the 22 least squares method) equation (6) with m and q coefficients evaluated for OPC concrete and 23 replacing the cement content in equation (6), c, with the equivalent cement content, ceq, according to 24 equation (5) and these values are reported in Figure 5 . Figure 8 shows a comparison between the 25 measured and the calculated diffusion coefficient, using equation (6) and the k-values presented in Figure 5 , and a good agreement can be observed. Regarding the chloride resistance, ground 1 limestone showed a very low k-value, approximately 0.1, which means that this addition does not 2 play any role in hindering chloride penetration. Both fly ash and ground granulated blastfurnace 3 slag showed a k-value around 1.5, in agreement with the values reported by Tsimas et al. [12] and 4
Papadakis et al. [13] for fly ash and by Gruyaert et al. [8] for ground granulated blastfurnace slag. 5
The natural pozzolan showed a k-value around 0.6, which is significantly lower than the value 6 obtained with the artificial pozzolan (fly ash), but also lower than those measured on natural 7 pozzolan (vulcanic tuff and diatomaceous earth) by Papadakis et al. [13] . This may be attributed to 8 the high variability in chemical composition and microstructure of this natural material. 9
Application 10
To detect the practical implications of the k-value and further underline the differences among the 11 SCMs employed in this research with regard to the different properties, the evaluation of the 12 water/binder ratio of a blended concrete in order to obtain the same performances of an OPC 13 concrete and the estimation of the possible clinker saving were carried out. Considering that to 14 achieve the same performance, the equivalent water/cement ratio of the SCM concrete should be 15 equal to the water/cement ratio of the OPC concrete and the definition of equivalent cement content, 16 ceq (eq. 5), the water/binder ratio of the SCMs concrete can be evaluated according to: 17
where c' is the clinker amount in the SCM concrete, c is the clinker amount in the OPC concrete, P 19 is the percentage of replacement and k is the k-value. 20
Hence, the variation of the water/binder ratio can be evaluated as: 21
The clinker saving can be evaluated according to: 23
1 saving clinker ' (9) 24 Figure 9 shows the variation of the water/binder ratio as a function of k-value for the two 1 percentages of replacement considered in this work (e.g. 30% for LI, FA and PZ and 70% for 2 GGBS). When Δw/b is negative, the water/binder ratio of the SCM concrete should be decreased in 3 order to fulfil the same requirements of an OPC concrete, conversely when it is positive the 4 water/binder ratio of the blended concrete could be increased. Figure 10 shows the clinker saving as 5 a function of the k-value. The percentage of saved clinker increases with the k-value and, naturally, 6
it is equal to the percentage of replacement when k is equal to 1. 7 Taking into account the k-values obtained in this work considering a range of water/binder ratios 8 between 0.42 and 0.61 and of binder contents between 300 and 350 kg/m 3 , to keep the same 9 compressive strength of the OPC concrete at 28 days, the water/binder ratio should be decreased of 10 26, 11, 18 and 22% respectively for limestone, fly ash and natural pozzolan and ground granulated 11 blastfurnace slag. For instance, it means that, considering a water/cement ratio of 0.5 for an OPC 12 concrete, the w/b should be decreased to 0.37, 0.44, 0.41 and 0.39 respectively for limestone, fly 13 ash, natural pozzolan and ground granulated blastfurnace slag. The clinker saving would be limited 14 to 5%, 21%, 15% and 62% respectively for LI, FA, PZ and GGBS. The high value of clinker saving 15 evaluated for GGBS, significantly higher than those obtained for the other SCMs, depended on the 16 percentage of replacement, equal to 70%, considered in this work. 17
Since strength can be a proxy-criterion for carbonation resistance, to achieve the same initiation 18 time for a structure subject to corrosion due to carbonation, t the water/binder ratio of a SCMs 19 concrete should be decreased to the values previously indicated for compressive strength. 20
Conversely in a chloride contaminated environment, to guarantee the same initiation time, which 21 means to keep the same resistance to chloride penetration, the use of 30% fly ash or 70% ground 22 granulated blastfurnace slag would allow to increase the water/binder ratio of 14 and 35%, which is 23 equivalent to a clinker saving of 39% and 77%. The use of natural pozzolan would lead to a 24 decrease of the water/binder ratio of 11% and, hence, the clinker saving would be limited to 22%. 25 1 be negligible. 2
Conclusions 3
The efficiency factor of different SCMs was studied by replacing portland cement with 30% of 4 ground limestone, fly ash and natural pozzolan and with 70% of ground granulated blastfurnace 5 slag. On the basis of results of experimental tests, carried out on concretes made with water/binder 6 ratios between 0.42 and 0.61 and binder dosages between 300 and 350 kg/m 3 , the following 7 conclusions can be drawn: 8 1. After curing times up to 28 days, OPC concretes showed an higher compressive strength than 9 SCMs concretes. After 28 days of curing, comparable k-values, of the order of 0.7, were obtained 10 by the fly ash and the ground granulated blastfurnace slag; conversely natural pozzolan showed a k-11 value roughly halved in comparison to the previous SCMs, whilst limestone showed k-value almost 12 nil. 13 2. The accelerated carbonation coefficient of concrete showed a good correlation with the 14 equivalent water/cement ratio calculated considering the k-values evaluated for compressive 15 strength at curing times of 1, 7 and 28 days. Hence, results presented in this work support the 16 hypothesis that strength can be considered as a proxy-criterion for carbonation resistance. 17 3. The rapid chloride migration diffusion coefficient increased by replacing OPC with limestone 18 and natural pozzolan, whilst it decreased using fly ash and ground granulated blastfurnace slag. It 19 was observed that strength-based k-values were not applicable to the evaluation of chloride 20 permeability. Assuming a linear correlation between the diffusion coefficient and the water/cement 21 ratio, a chloride-permeability-related k-value was estimated of approximately 1.5 for both fly ash 22 and ground granulated blastfurnace slag, around 0.6 for natural pozzolan and almost nil for ground 23 limestone. 24 b value of the overall efficiency factor, which is a combination of the two factors "general efficiency 3 factor" and "percentage efficiency factor"; 4 c the SCM was both replaced to the cement and aggregates. 5 6 
